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°^ : Abstract 

I ! 

\ We elaborate on a recently proposed mechanism to suppress large contributions 

■ to the electroweak precision observables in five dimensional (5D) warped models, 
. without the need for an extended 5D gauge sector. The main ingredient is a 

^ \ modification of the AdS metric in the vicinity of the infrared (IR) brane corre- 

• ^ ' sponding to a strong deviation from conformality in the IR of the 4D holographic 

^ ■ dual. We compute the general low energy effective theory of the 5D warped 

, Standard Model, emphasizing additional IR contributions to the wave function 

renormalization of the light Higgs mode. We also derive expressions for the 5 and 
T parameters as a function of a generic 5D metric and zero- mode wave functions. 
We give an approximate formula for the mass of the radion that works even for 
strong deviation from the AdS background. We proceed to work out the details 
of an explicit model and derive bounds for the first KK masses of the various 
bulk fields. The radion is the lightest new particle although its mass is already 
at about 1/3 of the mass of the lightest resonances, the KK states of the gauge 
bosons. We examine carefully various issues that can arise for extreme choices 
of parameters such as the possible reintroduction of the hierarchy problem, the 
onset of nonperturbative physics due to strong IR curvature or the creation of 
new hierarchies near the Planck scale. We conclude that a KK scale of 1 TeV is 
compatible with all these constraints. 



1 Introduction 



In view of the plethora of forthcoming experimental results expected from the LHC, 
and given that present precision measurements from the Standard Model (SM) strongly 
constrain any kind of New Physics, it is urgent to explore all possible models which are 
consistent with them and which can simultaneously solve (some of) the SM theoretical 
problems, in particular the hierarchy problem arising from the Higgs sector. Although 
several mechanisms have been proposed to this end, a particularly elegant one, based 
and the existence of a warped extra dimension, was suggested by Randall and Sundrum 
(RS) [1]. In the RS model the five-dimensional (5D) space is endowed with an AdS 
metric and two flat four-dimensional (4D) boundaries, located in the ultraviolet (UV) 
and infrared (IR) regions, and where the Planck scale is redshifted to the TeV scale by 
the warp factor. The hierarchy problem is solved in the RS model if the Higgs is localized 
towards the IR boundary. Using the AdS / CFT correspondence the RS construction is 
dual to a strongly coupled CFT sector with a UV cutoff where the conformal invariance 
is spontaneously broken by the IR boundary [2H1]. Moreover fixing the radion vacuum 
expectation value (VEV) requires introducing a bulk scalar (GW) field with a 5D mass 
which on the dual side appears as a deformation of the CFT [S]. 

The gauge bosons propagate in the 5D bulk and their Kaluza-Klein (KK) excitations 
contribute to the electroweak precision observables. These have to be contrasted with 
all electroweak precisions tests (EWPT) |6], thus providing lower bounds on the KK- 
masses. A subset of radiative corrections, the "oblique corrections" , are encoded in a 
number of observables (T, S, W, Y) [7H9] which scale differently with the volume: T 
grows linearly with the volume while S is volume independent and Y and W are volume 
suppressed. The T parameter, being the most constraining one, provides bounds on 
the KK-masses [TO|[TT| which are outside the LHC reach and create a "little hierarchy 
problem", requiring some fine-tuning to stabilize the SM weak masses in the effective 
theory below the first KK-excitation. 

There are a number of solutions to the large bounds generated by the T-parameter 
within the RS setup. One possibility is to embed the hypercharge in an extended gauge 
symmetry SU{2)ji x U{1)b-l in the bulk [12]. In this case KK resonances preserve 
the custodial symmetry SU{2)v C SU{2)l x SU{2)r after electroweak breaking, which 
protects the T parameter from large tree level corrections. The relevant bounds arise 
then from the S parameter and turn out to be 0(3) TeV. Moreover some effort is 
needed to keep under control volume enhanced corrections to the Zhh coupling |13] . 
Another way of reducing the T parameter in the absence of an extra custodial symmetry 
is introducing large IR brane kinetic terms [13]. However since IR brane radiative 
corrections are expected to be small this effect relies on unknown UV physics, which 
prevents calculability in the low energy effective theory. 

In this paper we will explore another solution to suppress electroweak observables, 
proposed in Ref. [15]. It consists in replacing the RS metric by a general asymptoti- 
cally AdS (AAdS) metric in the presence of a bulk scalar field which fixes the brane 
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separation and plays the role of the GW field. AAdS spaces are dual to relevant defor- 
mations of the CFT and might give rise to naked singularities in the IR region. Good 
singular metrics have been classified and characterized using stringy [16] and pure field 
theoretical methods [17] and they constitute the background of the so-called soft-wall 
models [T7HT^[^T| - [25] . As we have proven in Ref. [IH] if the AAdS metric has a singu- 
larity outside the physical interval between the boundaries but nearby the IR brane, 
and the SM Higgs propagates in the bulk, there is a mechanism which suppresses the 
electroweak observables. As we will see our results circumvent some general negative 
analyses in the literature [26l|27] where the SM Higgs was assumed to be localized at 
the IR brane. On the other hand it was already pointed out that in soft-wall metrics 
with an extra custodial symmetry in the bulk there is an extra suppression of the S 
parameter [TH] with respect to the RS case. 

The outline of this paper is as follows. From Sec. H] through Sec. H] we deliver 
general results which apply to arbitrary 5D metrics and general stabilizing scalar and 
Higgs backgrounds. In particular in Sec. |2] we provide the main features and effective 
theory of the SM propagating in the bulk of the extra dimension. Similarly general 
expressions for electroweak precision observables using both the holographic method 
and integrating out the KK-modes are given in Sec. [31 In Sec. H] the gravitational 
sector in considered for an arbitrary 5D metric and scalar background and an analytical 
approximation for the light radion mass is provided. From here on we will provide 
results for a particular AAdS model which deviates from the AdS behavior at the 
IR region because of the neighborhood of a curvature singularity outside the physical 
interval. In Sec. Ejour particular model is introduced and the way the hierarchy is solved 
is explained in Sec. El The main numerical analysis with the bounds on KK-masses 
based on electroweak observables present data is given in Sec. [7] and some comments on 
the soft-wall limit are presented in Sec. El Finally the conclusions are drawn in Sec. [91 
We provide a number of technical details in the appendices. In App. A details on gauge 
fiuctuations and their equations of motion in the 5D SM are delivered and in App. B 
the calculation of the 5D gauge boson propagator is provided. The results from both 
appendices are widely used in Sec. [2land[3l 

2 The 5D Standard Model 

We will now consider the Standard Model (SM) propagating in a 5D space with an 
arbitrary metric A{ii) such that in proper coordinates 

ds^ = e-^^^y'>7]^^dx^'dx'' + dy^ , (2.1) 

where rj^^i, = (—1,1,1,1) and two fiat branes localized at y = and y = yi, aX the 
edges of a finite interval. We define the 5D SU{2)l x U{1)y gauge bosons as Wlj{x,y), 
Bm{x, y) [or in the weak basis A\^{x, y), Zm{x, y) and W^j{x, ?/)], where i = 1, 2, 3 and 
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M = /i, 5, and the SM Higgs as 

where the matrix contains the three 5D SM fields xi^jy)^ see Eq. (lA.33p . The 

Higgs background h{y) as well as the metric A[y) will be for the moment arbitrary 
functions and they will be specified later on. 

We will consider the 5D action for the gauge fields, the Higgs field H and other 
possible scalar fields of the theory, generically denoted as 0: 

^5 = 1 d'xdyV^ l^-\wl,^ - \bI,^ - \DmH\' - i(DM0)' - V{H, 0)^ 

- 5^ /"rf^xrfyv^(-ir2A"(if,0)(5(y-y„), (2.3) 

where V is the 5D potential and A" (a = 0, 1) the 4D brane potentials. From here 
on we will assume that V{(f),H) is quadratic in H. Electroweak symmetry breaking 
(EWSB) will be triggered on the IR brane. We thus choose the brane potentials as 

A°(0o, H) = Mo\H\^ , -X\<Pu H) = -M,\H\^ + ^\H\^ . (2.4) 

where we denote by (pa the VEV of at the brane localized at y = ya- One can 
then construct the 4D effective theory out of (12. 3p by making the KK-mode expansion 
A^{x,y) = a^{x) ■ fA{y)/y/yi where A = A'^,Z,W'^ and the dot product denotes an 
expansion in modes. The functions /a satisfy the equations of motion (EOM) 

m}jA + {e-'^f'Ar-MlfA = 0, (2.5) 

where the functions /a(i/) are normalized as f^^ fA{y)dy = yi and satisfy the Neumann 
boundary conditions (BC) f'A\y=oy^ = 0. We have defined the 5D y-dependent gauge 
boson masses as 

Mw{y) = ^h{y)e-^^y'^ , Mz{y) = —Mw{y) , M,{y) = . (2.6) 



where cw = 95/ y di + g'i, and and g'^ are the 5D SU{2)l and U{1)y couplings 
respectively. Only the lightest mass eigenvalue will be significantly affected by the 
breaking so we simplify our notation by defining 

mA = mjo, (2.7) 

for the zero modes and 

m„ = m.., r = /^, (2.8) 



"'^Some details on the spectrum of fluctuations can be found in App. VK\ 
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for the higher modes [n > 1). In particular masses and wave functions of the n > 1 
KK excitations of the W and Z bosons as well as photon and gluons (almost) coincide. 
The masses of light modes {n = 0) mz and m\y have to be matched to the physical 
values. We will approximately solve the zero mode eigenvalue problem in App. \M An 
approximated expression is given by 



1 ryi 

- / dyMliy). 

yi Jo 



(2.9) 



On top of the modes from A^{x,y) there will also be pseudoscalar fluctuations rjA 
arising from the - x sector (see Ref. [I9] and App. For each broken gauge 
symmetry there is a massive tower of such pseudoscalars. Their EOM and BC are 
given by Eqs. (1A.23P and (IA.24p . In the limit of vanishing EWSB they unify with ^ in 
(12. 2p to form complex doublets and hence the splitting for finite breaking is expected 
to be small (i. e. proportional to the mass of the light Higgs). 

For the Higgs fluctuations in fl2.2p one can write from the action (12. 3p an EOM 
similar to that of gauge bosons (12. 5p . The wave functions C,{y) satisfy the bulk EOM 
and BC 



eiy)-AA'eiy) 



2 „2A 



e(y) = o 



while the background h{y) is determined from 



h"{y)-AAh'{y)-^ 



0, h'{y^) 



dh 



(2.10) 



(2.11) 



y=ya 



With our choice of boundary potential, Eq. (12. 4p . the UV boundary conditions for 
background and fluctuations are the same, and for a quadratic bulk Higgs potential 
the Higgs wave function ^{y) for nin = (n = 0) is thus proportional to hiy). For 
small Higgs mass this will still be a good approximation to the exact wave function. 
This means that the 5D VEV will be carried almost entirely by the zero mode. Let us 
therefore simplify the discussion by considering an effective theory by writing H{x, y) = 
y/k 'H{x)h{y) / h{yi) and calculate the effective Lagrangian for the mode 'H(x). Here we 
have introduced the UV scale k to account for the correct dimension of H. We will later 
identify k with the AdS curvature near the UV brane. With our choice of boundary 
potentials, Eq. (12. 4p . one finds 



eff 



-Ze 



~2A 



-4Ai 



h'jyi) 
h{yi) 



Ml k\H\^ + -ik'^\'H\ 



(2.12) 



Several things can be learned from the effective Lagrangian Eq. (I2.12p . The warp 
factors have the same effect as in the usual RS compactification with a Higgs localized 
on the IR brane: they red-shift all mass scales in the IR. The quantity Z is given by 



k 



yi 



^ jf{y)_^2A{y)+2A{yi) 



(2.13) 
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which is an additional wave function renormalization depending on both the gravita- 
tional and Higgs backgrounds. In Sec. [3] we will see that a sizable Z can reduce the 
electroweak precision observables. In particular the T parameter will be suppressed by 
two powers of Z, the S parameter by just one, while the Y and W are unaffected by 
Z. Minimizing the potential in £eff one finds the condition 



,2 1 („ '''M 



and hence the physical Higgs mass in the EWSB minimum is 

< = 2{kZr (a^i - ^) ■ (2.15) 

Here the UV and IR scales, k and p, are related by 

p = ke-^^y^^ . (2.16) 

Let us now make a few comments on the amount of fine-tuning required to have 
light modes in the Higgs and gauge boson sectors. In fact we can write the effective 
SM Lagrangian as 

^SM = — ll^nHsRif + p'^\Hsm\'^ — M^SAil'^ , (2-17) 

where the SM Higgs field Hsm{x) and the SM parameters p? and A are related to 5D 
quantities by 

Hsm{x) = v^e-^^y^^nix) , (2.18) 



p', (2.19) 



A = ^, (2.20) 

and from where the expressions for the Higgs mass (12.151) and the gauge boson masses 
(12. 9p easily follow from the usual SM relations. The required amount of fine-tuning 
at the tree-level in the 5D parameters is summarized in Eq. ( 12.19p . where we see that 
depending on the value of p and the pre-factor 1/Z we have to eventually fine-tune 
the boundary mass Mi in the factor Mi — h' (yi) / h{yi) to obtain p ~ 100 GeV. As we 
will see in subsequent sections (see also Ref. [15]), a sizable Z suppresses the T (S) 
parameter by two (one) powers of Z, which leads to a corresponding reduction in the 
value of p from EWPT. Moreover we see here that the parameter p, or equivalently the 
Higgs mass, is further reduced with respect to p by a factor 1 / ^/Z which in turn reduces 



^This is an obvious generalization of the RS model where p ~ ke . 
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the required amount of fine-tuning in Mi — h' {yi) / h{yi) . For instance the condition of 
no fine-tuning would imply that the (dimensionless) parameter 



h'ivi) ^ 
khijji) p2 



be of 0{1) while a smaller value would imply some amount of fine-tuning, e. g. a value 
of 0.1 (0.01) would amount to a 10% (1%) fine-tuning and so on. For a light Higgs 
this condition imposes strong constraints in our parameter space as we will see in the 
particular model of Sec. El 

Let us now re-derive Eq. fl2.15p in a slightly different and more rigorous way. The 
relation ^{y) = h{y) (exact up to normalization for mu = 0) can be corrected to O(m^). 
Making an expansion of Eq. f l2.10p yields the corresponding properly normalized wave 
function [f] 



where the function Q is defined as 



(2.22) 



e 



The true value of rriH (and hence the validity of this expansion) is of course determined 
by the boundary conditions given in Eq. f l2.10p . From Eq. fl2.22p it follows that 

U2/i) h{yi) 

while from Eq. fl2.10p and (12. lip we also have 

§^ = M.-7A%0. |^ = M,-3o*^(„) = 3|^-2M,. (2.25) 

Kyi) im) Kyi) 

Combining Eqs. f l2.24p and f l2.25p one recovers Eq. f l2.15p for the light Higgs mass as 
predicted from the effective theory. Moreover notice that the BC are universal for all 
modes and hence Eq. (12.240 can be used to express the BC for the whole Higgs KK 
tower in terms of the Higgs mass (m//) rather than the boundary data (Mi, 7). 

We are finally interested in the coupling of the light Higgs mode to the W and Z 
bosons and its KK modes, since this will determine how well perturbative unitarity is 
maintained. In fact having a light Higgs we expect only small corrections to the SM 
coupling. Using the definition of the WW^n coupling 

We„ = - r dye-^^y^MAiy)f^iy)Uy) , (2-26) 

yi Jo 



^We make an expansion in modes ^{x, y) = H{x) ■ £,{y)/ -Jvi which leads to canonicaUy normahzed 
4D fields H{x) if we demand / e^'^^ S^^^ ~ yi. 
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and the wave function (12.221) one can deduce that 

hww^o = [1 - C>{mj^/mlK, m^^/mj^j^)] , (2.27) 

so a hght Higgs unitarizes the theory in a similar way to the SM Higgs. 

3 General Expressions for Electroweak Precision Ob- 
servables 

We would now like to present closed expressions for precision observables in arbitrary 
backgrounds and for arbitrary Higgs profiles. Similar work has been performed in [T9| 
As it is well known [SU] the deviations to electroweak precision measurements 
will be encoded in the momentum dependence of the propagators of the electroweak 
gauge bosons. For simplicity we will assume for the moment that all the fermions are 
localized on the UV brane. The gauge fields that couple to the fermions are thus the 
brane values of the 5D gauge fields and hence we will need to calculate the inverse brane- 
to-brane propagators of the latter. The precision observables can be obtained from these 
quantities in the straightforward manner [H]. This is known as the holographic method 
and will be performed in Sec. 13.11 Equivalently one can integrate out the KK modes 
to obtain effective dimension-six operators involving the fermions and the Higgs. This 
alternative method, particularly useful in more general settings such as models with 
bulk fermions, will be presented in Sec. 13.21 

3.1 Holographic method 

In order to compute the brane-to brane propagator, let us define the quantity 

P{yy,ml,) = e-^^^y^^^^ (3.1) 

where the holographic profile /yi(p^,Z/) satisfies the EOM [see Eq. (1A.39P 

{e-'^f'AiP^y))' = {Ml+p')U{p',y). (3.2) 
From this it follows that P satisfies the differential equation and boundary condition 

P' + e^^P' =p^ + m%uj{y) , P{yup\ mX^) = , (3.3) 
with the definitions 

mi,o = - r Ml(y) , u{y) = ^. (3.4) 

yi Jo 
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The function a; is a distribution which is normahzed to yi. For IR (or UV) brane local- 
ized Higgses, this function becomes a 6 function supported at the respective boundary. 
We will solve Eq. fl3.3p in a series expansion in powers of and m^g and finally 
compute the inverse brane-to-brane propagator 



yi 



(3.5) 



from which the precision observables can be extracted. The expansion should converge 
well if the precision observables are small since the suppression scale is expected to be 
the TeV scale and both the momentum and the quantity mA,o are small compared to 
that scale @. Matching Eq. (13. 3p order by order one finds (the subindex denotes the 
order of both p"^ and 



A,OJ 



P' 



-.2A 



J- n 



P' 

-'2 



P[ + 2e2^Po^i 



p 

0. 



(3.6) 



Enforcing now the boundary condition at each order one easily finds the solution 



Pi 
P, 



0, 



-p^{yi -y)- m\nyi{i - fi) , 



.271 



[p\yi-y')+m\^y,{l-9)] 



(3.7) 



where VL = y^^ u, explicitly given in Eq. f l2.23p . is monotonically increasing from 
Q{0) = to ^{yi) = 1. In the case of an IR brane localized Higgs it is actually a step 
function and in particular it vanishes identically in the bulk, = 0. We end up with 
the simple expression for the inverse brane-to-brane propagator 



^Aip' 



-p 



m 



A,0 



+ yi 



yi 



,2A 



p 



yi 



n) 



(3. 



where the dots denote terms of higher order in and ttl^q. This is the quantity 
from which one can compute all electroweak precision observables related to effective 
operators of up to dimension six. 

All the precision observables can be very easily calculated by applying the above 
n^'s to various gauge bosons. There are three experimental input parameters (usually 
referred to as 61^2,3 [Z]) that are commonly mapped to the three Peskin-Takeuchi {S, 
T, U) parameters [S]. However in models with a gap between the electroweak and 
new physics scales the U parameter is expected to be small since it corresponds to a 
dimension eight operator. On the other hand, there are dimension six operators such 



*In fact the true zero mode mass squared will be given by to^ 



)]• 
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as [dfiByuY which in some models can have sizable coefficients and contribute to the 
e,. It has thus been suggested to instead consider the set T, S, Y and as a more 
adequate basis for models of new physics [9] . They are defined as 

aT = [c^^n^W- 0^.(0)] , 

aS = 4s2^c2^[n'^(o)-n;(o)] , 
2m^Y = s2^n'^(o) + c2^n:;(o), 
2m^w = c2^n'^(o) + 5^n:;(o), (3.9) 

where a is the electromagnetic gauge coupling defined at the Z-pole mass. The 4D 
gauge couplings are defined as = gf/yi and g'"^ = g'^/yi- The quantities Y and W 
are expected to be relevant whenever the O(p^) in 11 (p^) terms cannot be neglected. In 
theories with a Higgs mode H of mass rriH <^ ^tikk one can relate T, S, Y, and W to 
the coefficients of the dimension six operators 

\H^D^H\\ H^W^^HBf^", {d,B^,)\ {D^W^.f (3.10) 

in the effective low energy Lagrangian respectively. Using Eq. (13. 8 p we can readily 
calculate these quantities 



aS = 8s^c^m| j e^^ {yi ~ y) (1 - n) - u^^^^y 



2 „2 _2 / ^.2A „A /I o\ _ o„2 „2 _2 []_ J_ 

p2 Z 



1/1 i kyi 
W = Y, (3.11) 



where we have used the identity 



l-fi(y) = ^, u{y) = P dy' ^^e-^^^y'^^^^^y^^ (3.12) 



and the notation 

In = k' (y, - yf^^u-{y)e^^^y^~^^^y^\ n = 0, 1, 2 . (3.13) 

The dimensionless integrals /„ are expected to be of the same order. In particular one 
expects In/ = C>{l/m'j^j^) as one can derive these expressions from integrating out 
the KK modes as it is done in the next subsection. We see that T is enhanced by a 
volume factor and thus it is expected to be the leading observable, while S carries no 
power of the volume and it is thus the next to leading one. On the other hand the W 
and Y parameters are suppressed with one (two) additional volume factor (s) compared 
to S (T). In this paper we will thus restrict ourselves to the bounds coming from T 
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and S as those are expected to be the dominant ones and will check a posteriori that 
the contribution to the W and Y observables is negligible. 

The dependence on the Z factors can actually be very easily understood: in Sec. [2] 
we saw that they appear in the low-energy effective Lagrangian Eq. fl2.12p . Therefore 
the powers of Z in Eq. (13. lip arise in front of the operators in Eq. (I3.10p by canonically 
normalizing the Higgs field. We close this section with the observation that T and S 
parameters are expected to become of the same order when 

^|=8c^^^6.2. (3.14) 

Given that the volume is usually kyi ~ 0(30 — 35) only moderate values of Z are 
required for this. In the RS model with a bulk Higgs one expects Z < 0.5. 



3.2 Summing over KK modes 

In this subsection we present very general expressions for current-current operators 
which result from integrating out KK gauge bosons of the 5D SM. We will then show 
that these dimension-six operators result in the same expressions for the precision ob- 
servables obtained in Sec. 13.11 In addition the results we derive will be useful starting 
points for future studies of more general models with fermions propagating in the bulk, 
in particular models of flavour [TT|[55]. 

Let us envisage a general gauge interaction of the form 

95 I d''x^AM{x,y)Y,jf\x,y), (3.15) 

where for clarity we have suppressed the sum over the adjoint gauge indices. The index 
i runs over all the fermions and scalars coupling to Am- Focussing on the zero modes 
in the currents we can write 

J^{x,y) = y^\'^^y^u,{y)3^{x). (3.16) 

where the functions Ui are defined in terms of the zero mode wave functions as 

Ui{y)^{ ""'lA^h^fX r""^"^'^ , nM = -Fuj,. (3.17) 
^\y) I g-3A^2^^^) fermions yi Jo 

For later use we also have defined the integral ^li{y). Notice that the functions Ui are 
distributions normalized to yi which implies that ^li{yi) = 1. We would like to integrate 
out the KK modes of Am to obtain the effective Lagrangian of dimension-six operators 

/:efr = f J]«.,J,^(x)j;(x). (3.18) 
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Figure 1: Diagram contributing to the effective Lagrangian. 

In other words we would like to compute the diagrams in Fig. [1] To this end we need 
to evaluate 



a 



BoBi 



1 



yi 



-3 / dy dy' uji{y) ujj{y') GBoBAy,y') (3.19) 



where GbobAVi u') is the 5D gauge boson propagator at zero 4D momentum (with any 
possible zero modes subtracted). The precise definition and explicit expressions are 
given in App. [Bl The subscript Bi = N,D denotes the type of boundary conditions of 
the gauge field aX y = yi (Neumann or Dirichlet). Using the results for the propagators, 
Eqs. (1B.9P and f lB.13p . one obtains (after performing suitable partial integrations) 



«r = y e^^(i-a)(i-^), 

DD _ f 2An, n / ^'^^^i • / ^^^^i 
"ii ~ J ^ Je^^ ' 

All integrations are between and yi. These remarkably simple expressions are totally 
general and valid for arbitrary background metric and matter zero-mode wave function. 
It is straightforward to check that in case one or both of the currents are localized on the 
UV brane {^i{y) = 1), and a^^ are zero. Similarly if one or both currents reside 
entirely on the IR brane {^i{y) = 0) the amplitudes a^^ and a^^ vanish. Finally if 
0Ji{y) = 1 (for instance the case of c = 1/2 for fermions in RS) one finds = 0. The 
last result can also be understood from the individual couplings between the current 
and each gauge KK mode, / ufn = f fn- This integral vanishes as a consequence of 
the orthogonality of the KK wave functions with the (fiat) zero mode wave function 
/o = l. 

Let us apply this formalism to compute the precision observables [TT]. Only SM 
gauge fields propagate in the bulk, and all of them have Neumann-Neumann EC Im- 
posing a light Higgs it makes sense to keep the latter in the effective theory and compute 
the operators involving both Higgs and fermion currents. The effective 4D Lagrangian 
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thus reads 



+ f (S ■ jI + WjI ■ 3] + 13] ■ 3]) (3.21) 

where j^'^ and are the SM Higgs and fermion currents couphng to SU{2)l x U{1)y 
gauge bosons and 

a = a^^ = y e [ih - — I , 

7 = a,7 = /e-(!),-i^)'. (3.22) 

For the time being we have only assumed that all fermions have the same zero mode 
profile which is however not necessarily localized on the UV brane. The latter case 
can easily be implemented by setting ^f{y) = 1. Furthermore since we are working 
with a light Higgs its wave function will be proportional to the background profile, see 
Eq. (12 .22 p . and hence flh coincides with Q as defined in Eq. f l2.23p . The assumption of 
"fermion universality" implies that the effective action only depends on the " complete" 
fermionic currents (as opposed to the individual quark and lepton currents) which 
in turn allows one to use the gauge boson's EOM to eliminate the fermion currents from 
the dimension-six operators alltogether [H]. This procedure leaves only the so-called 
"oblique corrections" |9] that in our case take the formlf] 

+ ^-f{d,B,^f + ^-f{D,W,^f + ... (3.23) 
from which the precision observables 

W = Y, (3.24) 



^The ellipsis denotes operators not relevant to the precision observables. 
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follow [§. As expected these expressions reduce to Eqs. (13.111) in the limit of UV-brane 
localized fermions {Qf{y) = 1). One sees that with Uf = 1 (the case of universal fermion 
bulk mass k/2 in RS) S, W and Y are vanishing. On the other hand T is only mildly 
affected by this choice and does not decrease by much. In order to completely kill the 
T parameter in RS, one would also need a = 1 for the Higgs, which corresponds to a 
mostly elementary Higgs that does not solve the hierarchy problem. On the other hand 
one could move the fermions more towards the IR and roughly align them with the 
Higgs profile. In this case the T parameter is suppressed, but W and Y can become 
dominant, resulting in very high bounds on the KK mass scale. In conclusion, playing 
with the zero mode wave functions in a pure RS background alone is not enough to 
reduce the bounds and a modification of the metric background is required. 

4 The Radion 

Before going on to build a concrete model let us briefly comment on the radion. In a 
slice of pure AdSs the radion is massless. In the dual theory it is the Goldstone mode of 
the breaking of scale invariance in the IR. No other scalar modes are present. Adding 
a stabilizing scalar field corresponds to an explicit breaking of conformal invariance by 
some relevant operator, the radion becomes a pseudo-Goldstone field and acquires a 
mass. In most cases studied in the literature, the deformation of AdS by the scalar field 
is small, the radion remains light and its mass can be computed perturb at ively [31]. If 
the deformation of AdS is large (as in the models considered in this paper) one expects 
a heavy radion. In this section we will derive an approximation for the radion mass 
valid in arbitrary backgrounds and carefully analyze under which conditions it is a good 
one. 

The metric and scalar fluctuations can be parametrized as 

ds' = e-'^^y^-'^^^^y\r]^, + h,,{x,y)]dx^'dx'' + [1 + J{x,y)fdy', (4.1) 
(j){x,y) = <P{y) + ^{x,y), (4.2) 

where the tensor fluctuations satisfy 

h% - 4A'h'^, + e'^m^h,, = , h'^M = • (4.3) 

The three scalars F, J, ip are not independent but satisfy the constraints 

l0V = F'- 2A'F, 



J = 2F. (4.4) 

^Besides the equality Y = W one can also derive another relation (aS)'^ < x{aT)Y with x = 
GAc^s^ w 11.2. This follows from Eq. p.24p by use of the Cauchy-Schwarz inequality. 
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Using these constraints one can decouple the bulk equations and obtain [31] 



F" - 2A'F' - AA"F - 2—F' + AA—F + rn^e^^F = , (4.5) 

(p' (p' 

which encompasses both the radion mode as well as all the modes of the stabilizing 
field. The boundary condition for the scalar is given in Ref. [31] as 



[-V' + KV + KF]y=y^ = 0^ (4.6) 



with the boundary potentials evaluated on the background. Notice that A'^(0q,) is 
a constant that can be chosen at will without changing the corresponding BC for (j), 
which only depends on A'„(0q,). In order to decouple the boundary condition, usually 
one takes the limit of large A'^(0q,) in which case (f is frozen at the boundary and 
Eq. (14. 6 p together with the constraint Eq. (14. 4 p implies (e~^"^-F)'|y^ = 0. To be more 
general we will for the moment not specify the value of X'^{4>a) which remains as a 
free parameter of the theory. Using the constraint Eq. (14.41) . as well as the bulk EOM 
Eq. (14. 5p . we cast the BC into the formal 

m'^F + Maie'^^F)'] =0, (4.7) 
-I y=ya 

where we have defined the effective brane mass parameter |fl 

Ma = K-f. (4.8) 
It is also convenient to recast the bulk EOM Eq. (14. 5 p into the form 

(e2^(A")"Me"'^i^]')' + irn^e^'^iA"y^ - 2)F = , (4.9) 

where again the background equations have been used. The new system now only 
depends on the background metric A and the two free parameters M^- Notice that the 
quantity A"{y) is a measure of the back reaction and goes to zero in the AdS limit. 
For A" = there is thus the expected zero mode F{y) = e^^. For small mass we can 
expand around this mode to obtain the first perturbation 

ml = . . 4.10 

Je^^iA")-^ + {MoA^)~^ -e^^^{MiA'l)-^ 



Unless Mq is fine-tuned to zero the second term in the denominator can always be 
neglected. The third term can however be important and hence the radion mass will 



"^We have also made use of the baekground EOM </)'^ = 6A" and the BC 4>'^ = X'g^{4>a) and hereafter 
we are using the notation where X' means derivative of X with respect to its dependent variable. 

*In terms of the superpotential method used in Scc.[5]one has (f>'a/4>'a — W'{(j)a) such that one can 
express the mass Ma = ((/>„) — W"{(j)a)- 
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depend on it. Since we are expanding in the dimensionful parameter m^, the region of 
vahdity of this expansion is not so clear. To better judge on its convergence one can 
compute the subleading correction 6ml to Eq. fl4.10p . One finds 



^^ = -2 e"^- / e-^^A"x^ (4.11) 
Jq Jo 



with the function xiv) defined as 

The important observation is that even if A" is large the correction Eq. ( 14. lip can be 
small if the function xiv) is small. For instance consider the limit Mi — >■ oo. Then 
xiv) is the difference of two functions that monotonically increase from zero to one. 
This function is thus always smaller than one and, in particular, it vanishes dX y = yi 
where A"{ii) in Eq. (14. lip is expected to be largest. For the model to be introduced 
in Sec. |5l SmUm^ is always negligible even for radion masses that one would naively 
consider to be large (i. e. of the order of the gauge boson's KK mass). On the other 
hand the approximation is slightly worse for finite values of Mi and of course breaks 
down completely when Mi is fine tuned to cancel the first term in the denominator of 
Eq. dun]). 

Whenever drn^/m^ is small we expect the couplings of the radion to be very well 
approximated by using the leading order wave function 

F{x,y)^e^^^y^r{x) . (4.13) 

This includes but is not limited to the case of very light radion and small back-reaction. 
We will leave the development of the radion effective theory and its associated phe- 
nomenology for future research. 

With these remarks we conclude the part of the paper containing the general results. 
We will now move on to define our particular model. 



5 The Model 

The nontrivial metric of our model will be sourced by a scalar field (f) which will also act 
as a Goldberger-Wise field [3] stabilizing the distance between the two branes. We will 
describe the dynamics of the coupled scalar-gravitational system defined by the action 

M^ P 

S=^J d'xy/^R + S^, (5.1) 

where M5 is the 5D Planck scale and 5*5 is given in Eq. (12. 3p . by using the formalism of 
Ref. [32] where first-order gravitational EOM and the bulk potential can be obtained 
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from a superpotential. The 4D (reduced) Planck mass Mpi = 2.4 x 10^^ GeV is related 
to Ms by 

= Ml [ e-'^ . (5.2) 



We will introduce on top of the SM Higgs field H |^ the scalar field (J) which will 
generate a singularity at y = ys, with the superpotential W{(f)) related to the scalar 
potential by llj 

Vi<P,h) ^ 1 [d^W{^)f - ^Wi<Pr +M\<P)\H\' (5.3) 

Using this ansatz the background EOM can be written as simple first-order differential 
equations 

A\y) = lw{<P{y), h{y)), <P'{y) = d^W{<P, h) (5.4) 
whose solutions will enter the usual second order linear equation for h{y) 

h"{y) - AA'iy)h'iy) - M'[(l){y)] h{y) = . (5.5) 
In terms of the boundary potentials A"(</), h) the boundary conditions are 



y=ya 



, h'{ya) 



(5.6) 



y=ya 



The model is thus completely specified by the choice of the two bulk functions 
W{(f)) and M^((/)), as well as by the two brane potentials Xa{4>,h). We will postulate 
the following superpotential 

W^{(f)) = 6A;(1 + be"'^/^) , (5.7) 

where u and b are real arbitrary parameters and k is the inverse curvature radius near 
the UV brane where the space is almost AdS. This leads to the background configura- 
tion [n] 

4>{y) = -y-log[u'bk{ys-y)], (5.8) 
A{y) = ky -\\og(l-^) , (5.9) 

where we are using the normalization A{0) = 0. Moreover the 5D curvature R{y) and 
the cuvature radius L{y) along the fifth dimension which are given by 

R{y) = 8 A" (y)- 20 [A' {y)]\ L{y) = (5.10) 



^We will neglect the backreaction of the Higgs field and treat it as an external scalar subject to the 
gravitational and scalar background. This working hypothesis can be fully justified a posteriori. 
^'^We will set units where M| = 2 in what follows. 
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are m our case 



kL{y) = -KVs-y) ^5^^^) 

^1 _ + 2v^k{ys - y) + v^k\y, - yf 

Near the UV brane we have kL^ ~ 1 0, and kL{y) remains close to unity in most of the 
interbrane distance. Near the IR brane L can get small due to the spurious singularity at 
y = ys- The quantity kLi is thus a useful measure of the deviation from pure RS and we 
will use kLi instead of kA (the distance between the IR brane and the singularity). The 
behavior of L{y) in the IR is shown in Fig.[2l L{y) is a monotonically decreasing function 
when v < a/5/2 and hence in this region a bound on the curvature implies a lower bound 
on A. When u > a/5/2 the curvature radius possesses a minimum (correspondingly the 
curvature presents a maximum) and eventually the curvature changes sign before the 
singularity. Later on we will present our results as a function of L{y) so, for simplicity, 
we will impose that the IR brane is located before this minimum is reached so that 
L{y) is a monotonic function. We will see that this constraint only affects mildly the 
final results, and only in the least interesting region of our model. 

We assume that the brane dynamics fixes the values of the field (f) = {(f)o, on 
the UV and IR branes respectively. The inter-brane distance yi, as well as the location 
of the singularity ai ys = yi + A and the warp factor A{yi), are related to the values 
of the field 0q at the branes by the following simple expressions: 



ky 



1 



2 



kA = Le-'''^^/^ 



A{y,) ~ A:yi + i(0i-0o)/V6 , (5.12) 

which shows that the required large hierarchy can naturally be fixed with values of 
the fields 01 > (po, 0o < and C(l) in absolute value. Moreover the strict soft-wall 
configuration [T7] corresponds to the limit 0i ^ 1, ?/i — )■ y^. Also note that due to its 
exponential dependence on 01, A can be small or, in other words, the IR brane can 
naturally be located very close to the singularity. 

As for the Higgs bulk mass term we choose 



M2(0) = ak 



ak - ^W{^) 



(5.13) 



where a is an arbitrary real parameter. As a is constrained by the hierarchy problem 
we will restrict its range to values a > 2 as we will see in the next section. The 
choice Eq. f l5.13p ensures that one linearly independent solution to Eq. (15. 5 p is given 
by a simple exponential. Certainly other choices are possible which will lead to similar 
results. We will comment on some of them in Sec. [Hi 

Using the superpotential formalism to define the potential amounts to some fine- 
tuning among the different coefficients of the bulk potential, unless they are protected 



'^This shows that k is approximately the inverse AdS curvature radius. 
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Figure 2: Contour levels ofkL{y) as a function of u and k{ys — y). Forv > a/5/2, L{y) 
presents a minimum close to the singularity. Since we demand L{y) to be a monotonic 
function we will constrain ourselves outside the region after this minimum is reached 
(dotted lines). 



by some underlying 5D supergravity [32]. The quadratic Higgs term which is generated 
by (15. 3 p can be written as /c^[a(a — 4) — 4:abe'^'^^^]\H\'^ and the coefficients of the two 
operators and e'^'^^^\H\'^ can be considered as independent parameters 0. However 
since the parameter b can be traded by a global shift in the value of the field, or in 
particular by a shift in its value at the UV brane (po, for simplicity we will fix its value 
to 6 = 1 hereafter. 

Having fixed the background we can write the general solution to Eq. (15. 5p as 

h{y) = e'^'y ^ci + C2 J' e-^^'^-^^^y' (l " ^) j • (5-14) 

The two integration constants Cj are fixed from the boundary conditions Eq. (15. 6p 
derived from the boundary potentials given in Eq. (12. 4p . To adequately suppress 
the T parameter we would like to keep the exponential solution (which corresponds to 

^^Of course the coefficients of the operators not involving the Higgs field remain fine-tuned as we 
are using the superpotential formalism to fix them. 
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the non-singular solution in the SW limit). In the next section we will see that this 
imposes some restrictions on the parameter space which will have a simple holographic 
interpretation. 

As it was already stressed a reduction of the S and T parameters can occur provided 
that the Z factors defined in Eq. (12.131) are sizable, and we will present numerical results 
for the model in Sec. [71 In fact a quick glance at Eqs. (13.1 ip shows that it is required 
that Z > 3 to get from the T parameter lower bounds on KK-masses 0{1 — 2) TeV. 
Using now the model parameter values for the metric A{y) in (15. 9p and a Higgs profile 
of the form h{y) ~ e"''^^ we can now evaluate the Z factors from Eq. (12.130 in terms of 
the parameters (a, z/, A), while we will fix the total warp factor as A{yi) = 35. To see 
the dependence of Z on the various parameters we plot in Fig. [3] the contour levels of 
Z in the planes (A,z/) and (a,i^). 



6 The Hierarchy Problem 

As we have found at the end of Sec. the Z factors can become large for an exponential 
Higgs profile if the parameter a is "small" . From a holographic dual point of view this 
can be translated to a small dimension for the Higgs condensate in the IR. This of 
course raises the question to which extent this reintroduces the hierarchy problem that 
we claimed to have solved by Higgs compositeness. For instance in the context of 
RS models this question has been discussed in Ref. [53] whose main lines we follow 
essentially here. In order to determine whether the hierarchy problem is successfully 
solved by a profile of the form h{y) ~ e"'^^ with small a let us write the solution of 
our Higgs profile subject to a generic electroweak symmetry preserving UV-boundary 
condition h'{0) = Mo/i(0) as 

h{y) = hpe^'^y (l + [Mp/k - a] f e^^^?^')-^'^'^?''^ . (6.1) 



In the pure AdS case, A{ii) = ky, the integral yields 

Mp/k + a -4^,ky _ Mp/k - u 

(4-a)ky 



My) = hp \ e""^ - T e^^-"^"^ (6.2) 

"V 2(a-2) 2(a-2) ) ^ ' 

The observation in RS is that for a > 2 no fine-tuning is necessary in order to keep only 
the first term, since near the IR brane (where EWSB occurs) the second term is always 
irrelevant. On the contrary, for a < 2, the second term would be dominating and one 
needs to fine-tune Mp/k = a in order to maintain the solution h{y) ~ e"'^^ . This fact 
has a simple holographic interpretation: since dimiOH) = a the hierarchy problem is 
solved by compositeness of the Higgs for a > 2, but not for a < 2 (see Ref. [33] for a 
more detailed discussion). 

In our case the situation is similar. Again for a < 2 the solution h{y) ~ e"''^^ will be 
fine-tuned due to the exponential enhancement in the integrand. Moreover now even 
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Figure 3: Contour levels of Z for A{yi) = 35: (a) as a function of v and k/S. for 
a = 2.2; and (b) as a function of v and a for kA = 1. 
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for a > 2 one has to be careful. Let us rewrite the solution as 



h{y) 



1 + (Mo/A; - a) / ' e-^'^^'-^^'y' ( 1 - 



1 + (Mo/A; - a) [F{y) - F(0)] 



where 



Fiy) 



-2{a-2)ky, 



Us [-2 (a - 2)kys 



-1+4/1/2 



r 



-2(a - 2)A;(y, - 



(6.3) 
(6.4) 

(6.5) 



Note that F{y) is defined as a complex function but its imaginary parts cancels in (16. 4p 
leading to a real solution. One should view F{y) as the generalization of F^siu) = 
g-2{a-2)fcy in the RS case. 

Similarly to the AdS case, in order to keep the exponential solution without the 
need of a fine-tuning we must require the function F{y) to be small. Since F is a 
monotonically increasing function of y it will be enough to inspect F{yi). In order to 
quantify this let us define 

S=\F{y,)\, (6.6) 

which will be a measure of the fine-tuning required in [Mo/k — a) in order to keep 
the exponential solution. In particular the absence of fine-tuning requires roughly 
5 < C(l). 5 is a decreasing function of a, z/ and A, so we need to impose a lower bound 
on a = aQ{u, A) below which one would need to fine-tune M^/k ~ a in order to keep the 
simple exponential solution that improves the EWPT. The behavior of 5 as a function 
of a and v with A:A = 1 is plotted in Fig. HI 

We can see that the lower bound on a lies (depending on the value of v) a little 
above a = 2, but not by much in the shown parameter range. One can then reinterpret 
this as stating that for a given a > 2 there will be a curve A(z/), as it is shown in Fig. HI 
below which keeping the exponential solution amounts to a fine-tuning. In particular 
it will be inconsistent to blindly take the limit A — t- 0. 

There is here again a simple holographic interpretation^ The dimension of the 
Higgs condensate corresponding to the solution h{y) ~ e"*^^ depends on y. Since the 
renormalization group (RG) scale is given by the warp factor we have 



dim(OH) 



h' 
'hA' 



1 



(6.7) 



Starting in the UV with some dim((9/^) > 2 as required to avoid the fine-tuning and 
solve the hierarchy problem by a composite Higgs, the Higgs mass term will 
have dimension rl dim(|(9/fp) = 2dim(|(9//|) > 4 and will be an irrelevant operator 



-^^See Refs. [34] for related ideas. 

"'^^We use the fact that m the large Nc limit operator products become trivial. 
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becoming more and more suppressed along the RG flow. However following the RG 
flow further the theory departs from the conformal fixed point, dim{OH) decreases and 
there will be a critical RG scale /ic at which dim{OH) < 2. As a consequence P will 
become a relevant operator and will start increasing again. As long as this happens far 
enough, near the IR, there is no concern as, at the scale /ic, the mass term is really small 
and there is simply not enough RG time for it to become large enough before EWSB 
occurs. On the other hand a low dimension of the condensate is essential to generate 
sizable wave function renormalizations for the light Higgs mode that will eventually 
allow us to suppress the S and T parameters. 



7 Bounds from Precision Observables 

In this section we will present the bounds on the lightest new states that appear in 
our model, namely the lightest {n = 1) KK modes corresponding to the fields that 
propagate in the bulk. For simplicity we will restrict ourselves to the case in which 
the fermions are localized on the UV brane. In this case the strongest constraints on 
the masses of new KK modes in the theory will be given by the dominant S and T 
parameters, which can be computed from Eq. (13. lip . The current experimental bounds 
on these parameters, for an SM fit with a reference Higgs mass of 117 GeV and assuming 
f/ = are [B] 

T = 0.07 ±0.08, 5 = 0.03 ±0.09. (7.1) 
with a correlation between S and T of 87% in the fit. 

There are four free parameters of our model: yi, A, a and u. In order to better grasp 
the significance of our results we will trade these parameters for other quantities with a 
clearer physical meaning 0. As usual we will fix the Planck-weak hierarchy by setting 
the warp factor A{yi) = 35, which imposes a functional relation yi = yi{A, v) so that 
yi increases with A and v. Moreover we are interested in describing our model in terms 
of the 5D curvature radius over the interval, L{y), which can be read from Eq. (15.1 ip 
and is plotted in Fig. |2l Restricting ourselves to the region where L{y) is a monotonic 
function, as discussed in Sec. [5l the minimal curvature radius will be attained at the IR 
brane. We can then use Eq. (I5.1ip to use L{yi) = Li as a new parameter, trading it for 
A. Perturbativity in the 5D gravity theory will be under control as long as M5L1 > 1 
and since kLi < 1 for any value of the parameters which departs from AdS it turns 
out that M5 > k which may lead to a mild hierarchy between M5 and k. In order to 
avoid this hierarchy to grow too large we shall restrict ourselves to values kLi > 0.2 0. 
Finally in order to account for the model to solve the hierarchy problem, as discussed in 
Sec. O we will trade a for the fine-tuning parameter 6 defined in Eq. (16. 6p . The Higgs 
solution is free of fine-tuning when 6 < 

^^The results for this model can be found in terms of these original parameters in Ref. [15]. 

^^The smaller kLi the larger the deformation of AdS in the IR. 

-'^''We will quantify more precisely this statement at the end of this section. 
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Figure 5: Plot of 95% CL lower bounds on the first KK-mode mass of gauge bosons 
as a function of v for A[y\) = 35 and different values of the IR curvature radius Li 
and the fine-tuning measure 6. The masses corresponding to the three kinds of gauge 
bosons have a splitting smaller than 1%. The region where curves stop corresponds to 
the excluded region of Fig. [3 

So we are left with the new set of parameters: kLi, 5 and u [after fixing A{yi) = 35]. 
The mass eigenvalue for gauge boson KK modes is given as the solution to Eq. (12. 5p 
and the corresponding bounds from the experimental value of T and S, Eq. (17. ip . using 
this set of parameters are shown in Fig. |5l We can see that lowering the minimum 
curvature radius in the interval of our model yields softer bounds on KK modes. This 
is an expected result since lower curvatures need smaller values of A (as can be read 
from Fig. |2]) providing in turn larger values of Z. Since we have chosen small enough 
values of 6, the fact that the model solves the hierarchy problem is guaranteed. Being 
more demanding with respect to fine-tuning requirements, i. e. imposing 6 to be smaller, 
yields stronger bounds since a smaller value of 6 implies a larger a (Fig. Hj) which in 
turn makes Z to decrease. However, the effect of changing 6 has only a minor impact 
on the bounds. Finally the behavior of the curves with u is the result of a compromise 
between the fact that smaller values of u correspond to larger values of Z and that, for 
a constant IR curvature radius Li, lowering u implies increasing A as shown in Fig. [2j 

Since the bounds in Fig. |5] show minima as a function of u we can eliminate this 
parameter in order to plot the lower bound on the KK mass as a function of Li for 
fixed values of 6. The result is shown in Fig. |6l 

We can see that we can get bounds as low as mxK ^ 1 TeV. The origin of the 



25 




I ] 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 



Figure 6: Plot of the minima in Fig. as a function of the IR curvature radius Li. 

results shown in Fig. [6] is twofold. The smaller Li the larger the Z-factor which in turn 
triggers: 

• First a decreasing dependence of 5* and T with respect to p and lower bounds on 
rriKK- 

• Second a smaller angle defined hj 'd = tan(T/ S) and consequently, using the large 
correlation between the S and T parameters, a path which approaches the major 
axis of the 95% CL ellipse allowing for yet lower bounds on rnxK- 

These two effects are exhibited in Fig. [7] where we show, in the (T, S) plane, the 
different paths corresponding to different values of kLi and the corresponding values of 
T and S for different values of nixK- We can see that for values of kLi ^ 1 the rays go 
mainly along the T axis while for small values of kLi the rays get a longer path before 
getting off the 95% CL ellipse along its major axis. It should be clear from the plot 
that the second effect is less important, but non- negligible. At KK masses of 0{1) TeV 
one should also be concerned by the fact that the W and Y parameters do not become 
too large. Moreover the lowest bounds also correspond to relatively small values of the 
volume kyi 0. Since the Y and W observables in Eq. fl3.24p are volume suppressed and 
correspond to four-fermion effective operators generated by the exchange of KK-gauge 
bosons, a natural concern should be whether these observables should stay below their 
experimental bounds. In our case (where W = Y) a. G.t to all observables for a light 

i^See e.g. Tab.fflin Sec. El 
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Figure 7: Plot of values ofT and S for different values of Li (different rays) and mxK 
(dots along the rays). The 95% CL ellipse corresponding to 2 d.o.f., where the bounds 
can be obtained from, is superimposed. The arrows indicate decreasing values of nixK 
starting from infinity at the origin. 

Higgs yielded [2] F ~ < 10^^ 95% CL. We plot in Fig.EJthe values of ly = F as a 
function of kLi. We see that in the considered range in Fig. El kLi > 0.2, the values of 
these observables are well below the experimental bounds. Of course for smaller values 
of niKK these observables would start to compete with 5* and T making the bound in 
Fig. [6] to increase at some point for kLi < 0.2, outside our considered range. 

Finally in Fig. [9] we also present the bounds on KK masses for the different fields 
living in the bulk and compare them with the bounds on gauge boson KK modes. 
In particular we present the first heavy KK mode mass for the physical Higgs and 
pseudoscalar, Eqs. (12.101) and (IA.23p . for the graviton, Eq. f l4.3p . and for the radion, 
Eq. (iZD. 

Let us now make a few comments on the involved scales in our theory. For every 
set of variables (z/. A, a) EWPO fix a lower bound on the parameter p so that, since we 
have fixed the total warp factor by Aiiji) = 35, it turns out that, for every value of p, 
k is fixed as k = e^^p. lj On the other hand the 5D Planck scale can be deduced from 
Eq. fl5.2p . Considering the minimal lower bounds on p provided by the plot in Fig. [HI 
we obtain the values of M5, k and p (which is plotted on the right vertical axis) shown 

-'^^Notice that this procedure is purely operational. We could as well have fixed k (or even the 
volume kyi) and have considered different warp factors for every case. Physics should not depend on 
the chosen procedure. 
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Figure 8: Plot of the observables W = Y , along the minima in Fig. {51 as a function of 
the IR curvature radius Li. 
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Figure 9: The same as in Fig. H/or the different fields in the hulk as a function of the 
IR curvature radius Li . The bounds here correspond to the coordinates of the minima 
in Fig. 0, irrespectively of each field. The curve for the Higgs includes the pseudoscalar 
field, the bound of which is around 1% larger for small values of Li. 
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in Fig. Uni From Fig. [10] we can see that when the IR curvature radius kLi decreases 
by a factor of ~ 5, p (and k) decreases by a factor ~ 20 while M5 only decreases by 
a factor ~ 2. The parameter M5L1 = {M^/k)kLi which controls perturbativity in the 
5D gravity theory thus increases by a factor ~ 2. This counter-intuitive result comes 
from the fact that the suppression (enhancement) in the curvature radius (curvature) is 
overcompensated by the suppression in the value of k. This produces a small hierarchy 
(one order of magnitude) between k and M5. Lowering kLi further would translate into 
a larger hierarchy which in turn would translate into a subsequent amout of fine-tuning. 

One should keep in mind that the scale k is really a free parameter of the theory 
that only comes out here as a prediction because we have fixed the volume by the 
condition Aiyi) = 35 throughout our analysis. Slightly increasing the volume (and 
hence y4i[?/i]) does not change S and T and we could have used this freedom to fix k 
such that e. g. M^/k ~ 5 and hence M5L1 ~ 1. Let us also mention that the volume is 
generally reduced in our model since the deformation of AdS is positive, A(|/i) > kyi 
(see e.g. Tab. [1]). However it is not the main effect in improving T and moreover the 
hierarchy is fixed by A(?/i), not yi 

Finally the light Higgs mass is given by Eq. f l2.10p and an approximate analytical 
expression is given by, see Eq. fl2.15p . 

< = |(A^iA-a)p' • (7.2) 

which is written as a function of p and the mass parameters Mi and k. The Higgs 
mass is a free parameter in our theory since it is proportional to and the prefactor 
Mi/k—a. The only issue here is how much fine-tuning between the tree- level parameters 
is required in order to have it fixed to a particular value. Clearly if we require mn — p 
(a heavy Higgs) no fine-tuning is ever necessary. However in that case our theory looks 
like Higgsless and radiative corrections involving the Higgs would contribute to the 
EWPO putting the SM clearly outside the experimental bounds. In that case new 
physics is required to reconcile the theory with EWPT. On the contrary if we require 
a light Higgs [not too far away from the assumed value for the bounds in Eq. fl7.ip ] 
it will have no effect on the EWPT but it might require some fine-tuning in the tree 
level parameters. This is the case of the AdS model. However in our model there are 
two separate effects which favor a light Higgs, as can be seen from Eq. (17.21) : i) the 
suppresion in the required value of p and; ii) the enhancement in the value of Z. We can 
quantify this fine tuning by plotting the prefactor Mi/k — a as a function of kLi using 
the values of parameters in Fig. |9]as we have done in Fig. [11] For values of Mi/k — a of 
0{1) there is no fine-tuning, for values of (9(0.1) there is a 10% fine-tuning and so on 
and so forth. Then we can see that for the region of parameters where we find bounds 

^"Of course by relaxing the hierarchy requirement one can easily lower the bounds from EWPT. 
The simplest examples are the so-called "little RS models" [35] which solve the hierarchy problem up 
to scales much below the Planck mass. For instance in these models the requirement T ^ S for an 
IR localized Higgs (a bulk Higgs with a ~ 2) provides the volume condition kyi ^ 4c^ {kyi ^ Qc^) 
which translate into mass stabilization till scales of ^ 30 TeV 1200 TeV). 
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Figure 10: M5 and k using the bounds on p that can he read from Fig. 0, where 5 = 0.1 
and A{iii) = 35. On the right vertical axis the value of p in TeV can be read. 
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Figure 11: {Mi/k — a) for a light Higgs mode with a mass of 120 GeV, using the bounds 
on p that can be read from Fig. 0, where 6 = 0.1. This quantity can be understood as 
the amount of fine-tuning required to have a Higgs with this mass. 
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iriKK ^1 — 2 TeV there is no fine-tuning while in the RS case the fine-tuning would 
amount to more than 0.1%. 

8 Comments on Soft Walls 

As it has already been mentioned the metric in Eq. (15. 9p has a curvature singularity 
at a point i/s > yi, i.e. beyond the IR brane and outside the physical interval. In the 
absence of an IR brane this singularity becomes a naked one and the associated space 
is referred to as a soft wall . One might wonder what happens if one removes 

the IR brane and considers a true SW background. A reduction of the S parameter 
in models with custodial symmetry in a different class of SW background was indeed 
discovered in Ref. |20] and, from our general considerations, it can be expected that T 
will be even more reduced than S. Soft walls show some other interesting features such 
as a greater variety of KK spectra: in particular the density of states above the first KK 
excitation is typically higher than in two-brane models (and can even be continuous) 
and could lead to very interesting collider signatures. 

Removing the IR brane in our setup requires some care. Our metric can be viewed 
as a good SW background only for u < 2 [T6l[T7] and a mass gap only exists for 
The parameter space is thus reduced to 1 < z/ < 2. Moreover up 
to now we have kept p/k = e""^'-^^-' fixed in our analysis. This vanishes in the limit 
Hi ~^ Us and one should instead define the Planck-weak hierarchy differently, e.g. by 
p/k = e-^y'{ky,)-^ [IT]. 

However without an IR brane and with a bulk Higgs we need to find an alternative 
location where to trigger EWSB. The only sensible IR boundary condition for the Higgs 
profile in the singular background is to demand regularity of the solution. With a linear 
bulk EOM and linear UV boundary conditions a nontrivial profile can only arise at the 
price of a fine tuning: satisfying the boundary conditions at the UV brane fixes a 
certain linear combination of the two bulk solutions (up to an overall normalization). 
This solution will in general not be regular at ys so the only solution is the trivial one 
hiy) = and EWSB does not occur. This does not come as a surprise as we have 
lost the IR brane with its EWSB potential. The only possibility to obtain a nontrivial 
profile is then a fine-tuning of some parameters in the Lagrangian. One can see how 
this fine-tuning arises in the smooth limit yi — yg following the logics of Sec. |6l For a 
fixed value of a > 2 there will be a finite A = — > at which the singular solution 
(initially suppressed by e~^'^"~^)'^^) resurfaces due to the presence of the singular factor 
in Eq. (16. 4p . In this case a fine-tuning of the UV mass Mq is needed in order to select 
the regular solution. This is the original hierarchy problem. Clearly in the exact SW 
limit, A = 0, one needs Mq = a precisely and hence an infinite fine-tuning. 

^^When V = 1 one encounters a continuous spectrum above the gap, while for v > \ the spectrum 
is discrete. 
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The only way out is to trigger EWSB by nonlinear dynamics on the UV brane [21] 
or in the bulk. In the former case the VEV of the Higgs field at the UV brane, h{0), 
is unrelated to the IR scale generated by the warping o Breaking in the bulk requires 
to go beyond a simple quadratic potential in the Higgs field and cannot be tackled 
analytically. Things could be simplified by integrating over the soft wall to create an 
effective IR brane aX y = yi < Us along the lines of Ref. [23]. Form factors arise on 
the IR brane that mimic the characteristic SW spectra, while the bulk potential near 
the singularity will generate a nontrivial brane potential that could be used to trigger 
EWSB [25]. It is however not straightforward to engineer a bulk potential V{(j), h) that 
can be totally neglected in the reduced bulk y < yi and whose only effect is the effective 
IR brane tension. Although it can be expected that some of the findings of this paper 
can be translated to the case of a genuine bulk breaking a quantitative statement is 
hard to be settled in the absence of a precise and calculable model. 

9 Conclusions 

In this paper we have studied generalizations of RS models which allow, following the 
ideas of Ref. [15], to avoid the usual paradigm of custodial gauge symmetries. In the first 
part of the paper we have derived a series of general results valid for arbitrary metric 
and scalar backgrounds. These results include the effective theory of a light bulk Higgs 
(Sec. |2]), general expressions for electroweak observables S, T, Y and W (Sec. [3]) as well 
as expressions for the mass of the radion (Sec. H]). We have identified a new contribution 
Z to the wave function renormalization of the Higgs zero mode which can suppress the 
tree level Higgs mass and plays a major role in reducing the contributions to the S 
and T parameters. In holographic language the Higgs wave function renormalization 
Z can be large if the dimension of the Higgs condensate decreases towards the IR, 
while staying sufficiently large in the UV to solve the hierarchy problem. For that one 
needs a strong deviation from conformality in the IR, parametrized by a large back 
reaction of the stabilizing field on the AdS background metric. Motivated by these 
general considerations we have elaborated on the model proposed in Ref. [13]. The 
metric possesses a curvature singularity at y = ys > yi, i- e. outside the physical 
interval < y < yi. Our model can then be described by three input parameters: 
the quantities u and A = ys — yi entering our metric, Eq. (15. 9p . and the parameter a 
defined in Eq. (I5.13P which corresponds to the UV dimension of the Higgs condensate. 
In practice we prefer to trade the quantity A for the 5D curvature radius Li at the 
IR brane location. The location of the IR brane, yi, has been fixed by imposing the 
Planck-EW hierarchy A{yi) = 35. The parameter k [or equivalently p = ke~^^^'^^] is 
then computed from requiring consistence with EWPT, while the 5D Planck scale M5 
is fixed by the relation Eq. (15. 2p . Tree-level contributions to the EWPO are reduced 

^^In fact h{0) has to be fine tuned to a very small number even though this can be made technically 
natural as long as the UV brane localized Higgs mass term is Planckian. 
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when a, v and L\ are lowered. 

We have furthermore examined in detail under which circumstances the hierarchy 
problem could be reintroduced due to the decreasing effective dimension of the Higgs 
condensate. We find that in 5D language the presence of the singularity beyond the 
IR brane produces a would-be singular solution to the Higgs profile that needs to be 
sufficiently suppressed. As our parameter a becomes too small one needs to fine-tune 
the UV brane mass term for the Higgs field in order to prevent the singular solution to 
resurface near the IR brane. This can be viewed as a reintroduction of the hierarchy 
problem: in the 4D dual description the UV dimension is not sufficiently large for the 
bare Higgs mass operator to stay small all the way to the IR. Insisting that this does 
not occur produces a bound ao(i^, A) which allows us to eliminate the parameter a by 
Oq and ensures the original solution to the hierarchy problem to be maintained. 
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Table 1: Values of different relevant quantities at some of the points of Fig. [3 where 
6 = 0.1 and A{yi) = 35. The stabilization mechanism in our model dissapears when we 
take the RS limit, leading to vanishing radion mass as expected. 



For each value of kLi our bounds are thus a function of u. Some benchmark points 
along Fig. [9] can be found in Tab. [1] where we display the explicit parameters u, A, a 
and yi for reference. The EWPO produce a bound on the IR scale p = ke~^^^^^ from 
which the values for the lowest lying KK resonances for the gauge bosons, the Higgs, 
and the graviton can be calculated. The dominant bounds come from the T parameter 
for the shown parameter range (cf. Fig. [6]), except for small kLi where bounds from S 
and T become comparable. The W and Y parameters are always subdominant. We also 
produce in the same table the predicted values for the radion mass, which turns out to 
be rather high due to the strong deviation from AdS. Despite the large IR backreaction 
on the metric our approximation Eq. (14.101) works to better than 1% accuracy!^. The 
large deviation from AdS also induces another phenomenon evident from Tab.[T] the KK 
scales m^^ and the IR scale p become increasingly separated. In the dual theory this is 
due to the fact that the explicit breaking of conformal symmetry, induced by the relevant 
operator dual to the GW field </>, happens at scales larger than p. It is then this higher 
scale that determines the mass gap of the resonances. Due to the spurious singularity 

^•^For kLi = 0.2 we find the rather large backreaetion k~'^A"{yi) « 4. The deviation from the cxaet 
numerical eigenvalue drops to around 0.1% when the next to leading order, Eq. (j4.1ip . is included. 
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the 5D curvature radius L decreases along the fifth dimension. It is important to ensure 
that it does not become too small in order to avoid issues of perturbativity of the 5D 
gravity theory. Validity of perturbation theory should be ensured if M5L1 > 1. From 
Tab. [T]it is apparent that M5L1 actually slightly increases when kLi is lowered. This is 
due to the rapid decrease in the bound p (and hence k = e^^^'^^p) for small kLi. While 
this is welcome in that it ensures validity of perturbation theory, we should be careful 
not to generate a new hierarchy between k and M5 (or, equivalently, between k and 
Li^)- We have therefore preferred to discard values of kLi < 0.2 in our analysis. 

There are many topics that we have left to future research. The most obvious 
generalization of our setup is to allow for fermions to propagate in the bulk rather 
than to be restricted to the UV brane. Generating fermion mass hierarchies with wave 
function profiles |36] will result in strong bounds on fiavour changing neutral currents 
(FCNC) and CP violation both in the quark and lepton sectors. Nonetheless since our 
setup bears a certain resemblance to SW models one could expect some improvement 
along the lines of Ref. [37]. We note that we have already established part of the 
necessary machinery to tackle this problem as we have computed closed expressions 
for the dimension-six current- current operators generated by tree-level KK exchange in 
Sec. 13.21 valid for arbitrary metric and zero mode wave function. Moving the fermions 
away from the UV brane we expect the W and Y observables and, in genereral, non- 
oblique corrections to become more important. Another topic that deserves closer 
investigation is the phenomenology of the radion. One unequivocal prediction of our 
model is a heavy radion due to the large deviation of the metric from AdS in the IR. 
Fortunately the radion wave function is approximated very well by F{y) = e^^^^^ due 
to the excellent accuracy of the leading approximation for the mass, Eq. fl4.10|] . It 
should therefore be straightforward to work out its couplings to the other light fields 
and establish its possible signatures at the LHC. 
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Appendix 



A Gauge Fluctuations 

In this appendix we will study the propagation of gauge bosons in the 5D bulk in the 
presence of the background provided by the Higgs field and the gravitational metric. 



A.l Warming up with an abelian theory 

We will first analyze the gauge fixing in a spontaneously broken abelian 5D theory with 
a Higgs defined by 

H{x,y) = -L[/i(y) +e(x,y)]e^5«(^'^) (A.l) 

where h{ii) is the y-dependent Higgs field background, ^(x, y) the Higgs fluctuation and 
x{x,y) the Goldstone fluctuation. The 5D action for the gauge field AM{x,y) and the 
Goldstone boson is given by 



ct'xdyy/^ 



DmH? 



(A.2) 



where Fmn = duAN — dNAM, DmH = OmH — iq^AmH and is the 5D gauge coupling 
with mass dimension —1/2. The mass dimension of the 5D fields /i, ^ and Am is 3/2 
and that of x is 1/2. The action f lA.2p is invariant under 5D gauge transformations 



^Aiix^y) AMix,y)-\ dM<y{x,y) 

95 

x{x,y) xix,y)^ 0!{x,y) 

95 



(A.3) 



To quadratic order in the fluctuations Am and x O the action flA.2p can be written 



as 



d'^xdy 



1 



--Mie-'\^ - A,) 



where we have defined the y dependent bulk mass 

MA{y) = 95Ky)e-^^'\ 



(A.4) 



(A.5) 



^"^We need to consider here only the fluctuations of fields Am and x which mix to each other through 
the mechanism of electroweak breaking. The Higgs fluctuations ^ will decouple from them and are 
considered in Sec. [H 
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The bulk EOM's from action (1A.4I) are 

UA, + {e-^^A^)' -MlA, + d,{Mlx-{d^A,)-{e-^^A,)'] = (A.6) 

uA,-d^A'^ + Ml{^ -A,) = (A.7) 

Ux-d^A, + Mf{{Mle-^^){^-A,)]' = (A.8) 

and the boundary conditions are 

{d,A, - A'^) \y=o,y, = (A.9) 
(x' - A) |.=o,.. = (A.IO) 

We can gauge away the last term in Eq. flA.6p by the gauge condition 

- Mix + (e-'^A)' = 0. (A.ll) 
By making the ansatz (the dot product denotes an expansion in modes) 

A„(,,,) = M£^ (A.12) 



m'f + {e-'^fy-Mlf = (A. 13) 



yi 

f{y)dy = 1 (A.14) 



the EOM ([Q!) becomes 
where the functions f{y) are normalized as 

-/ 

yi Jo 

and satisfy the boundary conditions 

f\y=0,y. = 0. (A.15) 

It is easy to see that the gauge condition remains invariant under the whole set of 
5D gauge transformations 

a{x,y) = a{x) ■ f{y) (A.16) 

where an{x) are arbitrary 4D gauge transformations which are the remaining 4D in- 
variances. A quick glance at the action, Eq. (IA.4p . shows that the Goldstone boson 
degree of freedom (which couples to d'^A^j^ in the action) should be defined as 

G{x,y)=Mlx-{e-'^A,)' (A.17) 

while the remaining degree of freedom is defined as @ 

K{x,y)=x'-A, (A.18) 



^^The pscudoscalar modes if„ are physical (they are in particular gauge invariant) and could play 
an important role in experimentally identifying the Higgs as a bulk field. Their equations of motion 
have been derived previously in Ref. |19| . 
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which satisfy the decoupled EOM's [from Eqs. ( 1A.7I) and (IA.8I) ] 



UK + 



M\K 








mfG{x) ■ f{y) 



Eqs. f[09D and flX20D are satisfied by 

G{x,y) = 

K{x,y) = 

where f{y) satisfies Eq. (lA.lSp . and r]{y) satisfies the bulk EOM 



K{x) ■ T]{y) 



m 7] + 



(e-2^Mlr/)T-Mlr/ = 



and the (Dirichlet) boundary conditions 



7] 



y=o,yi 



. 



(A.19) 
(A.20) 

(A.21) 
(A.22) 

(A.23) 
(A.24) 



The normalization for i] will be fixed below. Notice that in the limit there is no 

massless mode since the zero mode would have the (trivial) wave function, consistent 
with the boundary conditions, ?7(y) = 0. Only massive KK modes do appear. 

In the 4D theory the degrees of freedom are the gauge field a^(x) the Goldstone 
boson G{x) and the gauge invariant scalar K{x). They transform under the 4D gauge 
transformation a(x) as 



Saa^{x) 
6aG{x) 

SaK{x) 



^d^a{x) 

— - a[x) 
9 





(A.25) 



where the 4D gauge coupling is defined as g = g^j ^fy{. It is easy to obtain the 4D 
effective Lagrangian upon integration of the y-coordinate in the action (IA.4p by using 
the decomposition 



yixix,y) 



—G{x) ■ f'iy) 
ruf 

—G{x) ■ f{y) - 

TTlf 



Ml 
mi 



K{x) ■ ri{y) 



-^Mf {Mle~'^viy))' ■ Kix). (A.26) 



In fact after integration over the y-coordinate and using the EOM (lA.lSp and (IA.23P 
one can write down the 4D Lagrangian as 



(A.27) 
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where we have fixed the normahzation for the wave function 77 as 



yi Jo 



Mle"^V dy = ml. (A.28) 



In Eq. ( ]A.27|) all the squares are to be understood as summations over modes. 

Notice that although the EOM ( 1A.19I) and ( 1A.20I) are decoupled they arise from 



the coupled set (1A.7I) and (IA.8I) and as such the mass eigenvalues are common. Of 



course this does not mean that Eqs. (1A.13I) and ( 1A.23I) should have the same mass 
eigenvalues and the puzzle can be resolved by noticing that Eqs. f lA.13P and f lA.23P 



always admit the trivial solutions f{y) =0 and/or 77(2/) = 0. In fact a solution ml and 
f^^\y) from Eq. ( 1A.13I) corresponds to the mass eigenf unctions {f^^\y),r]^^\y) = 0) 
and the corresponding solution and r]^'^\y) from Eq. ( ]A.23|) corresponds to the mass 
eigenf unctions {f^'^\y) = 0,r]^'^\y)). Then the effective Lagrangian corresponding to all 
the modes can be written as 

ni ^ 



A. 2 The Standard Model 

The generalization to non-abelian gauge theories is straightforward. In particular in 
the SU{2) X U{1) Standard Model the gauge and Higgs bosons are introduced in the 
usual way with a 5D action given by 

S, = j d'xdy^ {-\{Fli^f - \{Fl^f - \DmH\'' - V^($, H)^ (A.30) 

where the 5D Higgs field is written as 

H = ^e'^^>^ ( (A-31) 



V2 V h + ^ 

and where the matrix x only includes the coset and is the 5D SU (2)14/ coupling. The 
^ field will again decouple so we consider it separately. Following the standard notation 
we have 

Aem. _|_ cj,-sj, y _ 1 y;f_^ + 



Dm = dM - ig,AM , Am=[ '""^'^ :J^ "' a 7 1 (A.32) 
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and analogously 



c2 -s2 



X 



(A.33) 



where the weak angle is defined as in the 4D theory, ty^ = g'^/g^ = g' /g- Expanding the 
Lagrangian to second order we obtain a straightforward generalization of the abelian 
case, Eq. flA.4p 

C = a + C^ + (A.34) 

with 



w 



2A( Tpl \2 



1 



— A 
Z ^5 



Z\2 



-2A 



_p+ p- g 



(A.35) 



(A.36) 



(A.37) 



Here we have defined the 5D y-dependent gauge boson masses 



Mw{y) = ^h{y)e-^^y^ , Mz{y) = —Mw{y) , M^{y) = 



(A.38) 



Now we should proceed as in the abelian case and define the mode expansion for the 
different gauge bosons A^{x,y) with profiles fA{y) {A = W, Z,'j) as in Eq. (1A.12P and 
the corresponding pseudoscalars KA{x,y) with profiles rjAiy) as in Eq. ( 1A.22I) which 
satisfy [Eqs. (0031) and (1X231) ] 







m]jA + {e-'^fA)'-MlfA 
Mf {e-'^MlvA)']' ~ MlvA = 



(A.39) 
(A.40) 



where Ma is defined in Eq. (]A.38P and ruf^ and m^^ the mass eigenvalues which are 
identified with the physical gauge boson masses. 

In case the lightest mode after electroweak breaking is separated by a gap from the 
KK spectrum the expansion in powers of rra^g defined in Eq. (13.41) can be carried out 
analogously for its eigenvalue and wave function. Making the ansatz 



fliy) 



Sa + SfAiy) 



and 



5m\ 



(A.41) 
(A.42) 
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One finds 



Jo V yi 

A 2 r 2A (a y' \ A y' 

= m^QVi / e [Vt 1 

io V yiJ \ yi 



5m\ = mX,y, j\'^[n-y-] (A.43) 



2 



where the function Vt was defined in Sec. [31 



B Gauge Boson Propagators 

In this appendix we calculate the gauge boson propagators at zero momentum. In other 
words we would like to compute 

r(y) ny') 



GBoB^{y,y)=y 2 ' 

^ ^ fry} ^ 



m 

n>l 



where Bi = D,N denote Dirichlet or Neumann BC at the boundaries aX y = yf. 

GDBAQ,y') = or G'^^^(0,2/')=0, (B.2) 

and 

GBooiyuy') = or = 0, (B.3) 

respectively. The sum excludes any zero mode (if present). The /„ are the wave 
functions in the symmetric phase 

ie-'^O' + mlfn = . (B.4) 
The propagators then satisfy the EOM 

dy [e-'^'-y'>dyGBMy,y')] = -y^y - y') , (b.5) 

for BoBi ^ A^A^ and 

dy [e-'^^y^dyGMy, y')] = i - yi^iy - y') , (b.6) 

in the case of Neumann-Neumann BC with zero mode subtracted. These equations are 
easily derived from Eq. (IB. 40 using the completeness relation 

n>0 



26t 



^Furthermore recall that our normalization reads Jj'^ f'^ = j/i, in particular /o(y) = 1 in the A^A^ 
case. 
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The boundary conditions have to be supplemented by the jump and continuity relations 



e-^^'^y'^dy [Gb,b, {y' + e, y') - Gbob, {y' - e, y')] 



-yi 



Gb^bAv + ^^y') - GbobAv' - ^^y') = o. (b.s) 

For BqBi 7^ NN the solutions are straightforward and read 

GoNiy.y') = yi 



y< 



GND{y,y') = yi e 



yi 



y> 

y< „2A ryi „2A 



/o 



GDD{y,y') = yi-^-rw^ — > (B-9) 



where t/< (?/>) denotes the smaller (larger) of the pair y' . One can immediately verify 
that these are solutions to the system of Eqs. (IB3!) . ( lR2l) . (!R3l) and (!R8l) . The A^iV 
case requires more care. One can always shift the solution by a y' dependent constant: 
the bulk Eq. (1B.6P is invariant under such a shift and so are the BC and the conditions 
Eq. (IB.Sp . After imposing symmetry in the interchange of y and y' (obvious from the 
definition Eq. (IB.ip ). one still has an undetermined y' independent constant. In fact 
one can immediately verify that 



y< ry^ 



GMN{y,y')= dye'^^y^y+ dy e'^^y\y, - y) + c (B.IO) 



y> 



is a solution (symmetric under interchange of y, y') to the system for arbitrary con- 
stant c. To fix c, we impose that Gnn{0,0) reduces to the brane to brane propagator 
computed in Eq. (13. 8p : 

G„„(0,0) = -lim(jji^-l). (B.ll) 

Notice in Eq. (13. 8 p one can set rriA to zero in the symmetric phase. One finds 

2 



G^7v(0, 0) = 2/1 J'' dy e2^(*) (^1 - (B.12) 



which fixes c uniquely and one ends up with 



"?/< ryi 1 ryi 

GNN{y,y')= I dye^^^y'^y+ dy e'^^y\y, - y) - - e^^^y^y{y, - y) . {B.l?,) 

Jyy yi Jo 
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